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ABSTRACT 


A  pclycarbcnate  (?C)/carbcn  fiber  (CF)  ccmpcalte  system  bas  been 
examined  with  regard  tc  interfacial  adscrptlcn  and  crystallization  by 
altering  times  and  temperatures  cf  annealing.  Times  up  tc  180  min  and 
temperatures  cf  2U5,  275,  and  300°C  have  been  investigated. 

Transverse  tensile,  transverse  toughness,  and  scanning  electron 
microscopy  results  on  unidireoticncil ,  continuous- fiber  composites 
indicate  improved  fiber/matrix  adhesion  at  longer  times  and  higher 
temperatures  cf  annealing.  Improvements  in  transverse  toughness  and 
transverse  tensile  strength  cf  a  factor  cf  two  is  achieved.  The  data 
indicate  that  primarily  adsorption  rather  than  secondary  interfaoiai 
crystallization  is  the  likely  mechanism  for  increased  adhesion. 
Isothermal  transverse  toughness  values  have  been  found  tc  fit  well  tc  a 
Langmuir- type  expression.  The  temperature  dependence  of  adsorption  as 
measured  by  transverse  toughness  is  described  well  by  an  Arrhenius 
equation.  The  dependence  cf  transverse  toughness  on  PC  molecular 
weights  from  M^*26,600  to  39,800  was  found  to  be  large,  with  higher 
molecular  weights  adsorbing  more  effectively. 
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INTRODUCTICN 

The  ’-ise  cf  t-hencpl  as  hi  es  Instead  of  tderjicsets  as  matrices  In 
f Iber- rei nf creed  cempesites  introduces  the  added  complexity  cf  slew 
matrix  adscrptlcn  onto  the  fibers  and  possible  matrix  crystallization. 
The  fibers  can  alter  the  normal  matrix  crystallization  by  acting  as  a 
nucleating  agent.  Nucleaticn  cf  crystals  close  together  along  the  fiber 
and  subsequent  radial  growth  lead  to  the  formation  cf 

transcrystall ini  ty.  Transcrys tall ini ty  has  been  reported  for  a  variety 
cf  fiber/matrix  combinations^  including  some  crystal-type  growth  cf 
bisphencl  A  polycarbonate  (?C)  on  carbon  fibers  (CF)'  A 
transcrystall ine  interphase  with  modulus  intermediate  between  that  cf 
fiber  and  matrix  is  favcr'able  .'or  stress  transfer  and  cculd  also 
possibly  improve  fiber/matrix  adhesion  and  fiber  compression 
char  acc  ar i s  t i  cs  « 

Kardcs  et.al.''  ^  processed  PC/ chopped  CF  composites  for  10  min  at 

275''C  (above  the  PC  melting  point  cf  250-265  C)  and  found  increased 

strength  and  modulus  by  annealing  the  composites  at  245°C  for  3  hours. 

The  increase  was  'ttributed  to  generation  of  a  crystalline  layer 

adjacent  to  the  fibers,  as  observed  by  electron  diffraction.  Scanning 

electron  microscopy  of  the  fracture  surfaces  showed  increased 

fiber/matrix  adhesion.  Studies  on  other  systems  have  given  disparate 

observations  concerning  the  role  of  interfacial  structure  on 
1 6*  1 T 

properties 

The  present  study  examines  the  PC/CF  system  further  with  particular 
interest  in  the  role  cf  interfacial  adsorption  and  crystallization  on 
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fl^er/satrix  adheaicn  and  ccapcalte  properties .  The  PC/CF  system  is 
part i o'jI ar  1  y  amenaPLe  to  a  study  of  interfacial  crystallization  because 
PC's  sluggish  bulk  crystallization  means  that  crystallization  occurs 
only  at  the  interface.  Various  processing  times  and  temperatures  as 
well  as  different  PC  mclecular  weights  were  examined  in  order  tc  gain 
f'urther  insight  into  this  ccmpcsite  system  and  related  ones. 


CXPEHI MENTAL 


Three  different  mclecular  weight  PC's  (T  »150''C)  were  obtained  from 

g 


General  Electric:  (1)  PC  film,  O.ISmm  thick,  M..=  3‘',200,  designated  PC3, 

w 


(2)  PC  powder,  M  =26,60C,  designated  PCA,  and  (3)  PC  pcwder ,  M.,=  39,33C, 


designated  PCC.  All 


=  C’ s  were  dried  overnight  in  a  vacu'um  oven  at  *CC"C 
before  use.  Films  of  PCA  and  PCC  were  made  by  compression  melding  the 


powders  for  10  min  at  275°C.  Unsized  T500  3k  PAN-based  carbon  fiber 
yarn  was  obtained  from  Amoco  and  used  without  pretreatment .  PC/CF 
Gcnti nucus- fiber  ,  unidirectional  composites  were  fabricated  by 
alternately  placing  PC  film  on  a  Teflon- covered  aluminum  plate,  and 
wrapping  carbon  fiber  yarn  around  the  plate  in  aligned  fashion.  The 
aluminum  plate's  edges  were  rounded  in  order  to  prevent  fiber  breakage. 
Typically  layers  of  film  and  3  layers  of  fiber  yarn  were  used.  The 
layers  were  then  consolidated  at  275°C  in  a  Carver  press  by  holding  them 
for  5  rain  with  low  pressure,  pressing  10  min  at  0.8  MPa,  then  either  (1) 
cooling  the  ccmpcsite  to  room  temperature  in  the  press  cooling  cycle 
(less  than  5  min),  or  (2)  releasing  the  pressure  and  holding  the 
composite  for  a  longer  time  at  either  245,  275,  or  300°C  before  cooling 
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to  rcon  tamperat'jr e.  Ceding  fran  275  tc  2i45  C  cr  heating  frem  275  tc 

303^2  required  only  3  -Tiin.  These  cenditiens  thus  produced  ccapcsites 

which  varied  only  in  annealing  time  and  temperature.  Annealing  here 

refers  tc  heat  treatment  above  as  well  as  below  the  melting  point. 

Cempesite  plates  were  typically  0.i45mm  thick  and  had  fiber  weight 

fractions  of  0.H5,  0.36^0-01  (volume  fraction  »  0.28),  and  0.32  fer 

PCA/CF,  PC3/CF,  and  PCC/CF  respectively.  Weight  fractions  were  found  by 

dissolving  cut  the  PC  wit  -  methylene  chloride.  Samples  were  out  with  a 

paper  cutter  and  the  edges  sanded  with  fine  sandpaper. 

Transverse  toughness  tests  were  performed  on  a  buckled  plate  (3P) 

specimen  with  a  Model  14202  Instron  testing  machine.  Complete  details  of 

1  3 

tne  3P  test  for  composites  can  be  found  elsewhere  .  Small,  rectangular 
composite  specimens,  typically  2.5cm  long,  0.9cra  wide,  and  O.QiiScm 
thick,  with  fibers  oriented  perpendicular  tc  the  testing  direction,  were 
buckled  in  compression  at  room  temperature  at  2  cm/min.  Compression 
continued  until  fracture  occured  by  propagation  of  a  central  precrack. 

A  cheirt  recorded  the  load/ deflect! on  curve.  Average  and  standard 
deviation  were  obtained  by  testing  4-8  specimens  of  each  kind. 

Transverse  tensile  tests  were  also  performed  with  a  Model  4202 
Instron  testing  machine,  interfaced  with  a  computer.  Composites  samples 
were  typically  0.5cm  wide  and  0.045cm  thick,  with  2.5  cm  between  grips. 
Manilla  tabs  were  superglued  to  the  composite  to  prevent  breaking  in  the 
grips.  (Epoxied  tabs  did  not  bond  well  to  the  composites.)  All  tests 
were  performed  at  room  temperature  at  a  cresshead  speed  of  imm/mln. 

Four  to  six  specimens  of  each  type  were  tested. 


0 


T'r.e  fractLire  tcughnesa  cf  pure  ?C  fllnj  cf  aimilar  thickness 


(0.^3:nm)  tc  the  ccmpcsltes  was  found  using  a  single  edge  notch  (SEN) 

.’9 


specioien  and  the  J- integral  method  ,  Specimens  were  1cm  wide,  with  4c3 
between  grips.  Crack  lengths  cf  3  to  7mm  were  examined.  Energies  were 
found  by  integrating  the  stress/strain  curves  up  to  the  peak  (crack 
propagation  point). 

Composite  fracture  surfaces  were  examined  in  a  JEOL  35Cr  scanning 
electron  microscope  after  coating  with  a  thin  layer  cf  gold  in  a  Polaror. 
EoiOO  SEM  sputtering  unit.  Differential  scanning  calorimetry  was 
performed  on  a  Perkin  Elmer  DSC-4  equipped  with  data  station. 

Sei  permeation  chromatography  (CPC)  was  oerfcrmed  with  Pclvmer 


Laboratories  PLgel  col'u.Tir.s  (1C  ,  1C",  1C”  angstrom),  a  Knauer 


refractive  index  detector,  and  interfaced  computer.  The  mobile  phase 
was  methylene  chloride  at  25'^C.  A  universal  calibration  prcced'ure  was 
used  with  polystyrene  (PS)  standards.  The  Mark-Hcuwink  coefficients 
used  were  ;<-6.1x10  a-O.?**  for  PS  and  K=11.9x10  a=0.80  for  PC^'^. 


RESULTS  AND  DISCUSSION 
Experimental  Data  for  PCB/CF 

Table  I  and  Figures  1-4  show  the  results  for  transverse  tensile 
strength,  toughness,  strain  at  break,  and  energy  at  break  (area  under 
the  stress/strain  curve)  for  the  PC3/CF  composites  annealed  at  different 
times  and  temperatures.  Error  bars  (standard  deviation)  are  not 
Included  on  the  figures  for  clarity,  but  are  generally  less  than  ^201 
for  all  quantities  except  energy  at  break,  for  which  the  error  is 
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larger.  Transverse  ccmpcsite  mcdulus  values  were  fcund  net  to 

c^.ange  s  1  gni f  1  cantl y  with  prccessing  ccndlticns  and  were  3.Ugt0.l5  GPa 

for  the  3?  test  and  2.7  G?a  for  transverse  tensile  tests.  The 

difference  between  these  is  likely  due  tc  gripping  difficulties  in  the 

1  3 

tensile  test,  as  discussed  in  a  previous  paper  .  All  quantities  shewn 
here  indicate  a  general  trend  cf  higher  values  with  longer  annealing 
time  and  higher  temperature. 

Fig^ures  1  an  2  shew  the  similarity  in  trends  cf  transverse  tensile 
strength  and  toughness  as  measures  cf  the  interfacial  adhesion.  At 


temperatures  of  275"300'^C,  annealing  times  above  30~45  min  can  give 

problems  with  degradation  (see  below)  and  thus  were  not  examined  fully. 

Transverse  tens' la  strength  in  Figure  1  increases  with  annealing  time 

and  approaches  the  same  maximum  of  about  65  MPa  for  all  temperat'ures  . 

The  trends  are  similar  in  Figure  2  for  transverse  toughness,  but  the 

increases  are  mere  gradual.  There  is  also  seme  questien  as  tc  the  final 

2 

maxima,  but  all  are  well  belew  a  pure  PC  value  cf  abcut  30  kJ/m.  This 

value  was  found  here  by  the  J-integral  method  (pure  PC  dees  not  fracture 

2 

in  a  3P  test)  and  is  close  tc  the  plane  stress  value  of  25  kJ/m  found 
21 

by  Fraser  and  Ward  .  Transverse  toughness,  because  it  can  see 
differences  where  transverse  tensile  strength  cannot,  is  seen  to  be  a 
more  sensitive  measure  of  the  interface.  This  is  because  PC  begins  to 
yield  near  65  MPa,  so  transverse  tensile  strength  loses  its  sensitivity 


near  this  point.  In  fact  at  some  of  the  longer  times  and  higher 
temperatures,  yielding  as  seen  by  a  downturn  in  the  stress/strain  curve 
occured  just  before  fracture.  (See  Figure  5.) 
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Figures  3  and  4  for  transverse  strain  and  energy  at  break, 

respectively,  be  net  level  eff  as  cjuch  as  strength  because  they  are 

sensitive  even  at  yielding.  The  Interesting  thing  tc  note  in  these 

figures  is  the  cressever  cf  the  275  and  300  C  curves  at  longer  times. 

This  is  due  tc  the  beginning  cf  significant  degradation,  with  tensile 

strength  values  net  sensing  this  yet.  G?C  data  shews  nc  mclecular 

c 

weight  degradation  after  annealing  45  aiin  at  275  C,  but  decreased 
fron  34,200  to  23,000  after  4=  -in  at  300"0.  Data  for  transverse 
toughness  at  300'^C  for  45  sin  was  scattered  and  is  net  included  here  due 
to  degradation. 


Scanning  electron  micrographs  of  fracture  surfaces  (Figure  ~) 

confirm  better  fiber/matrix  adhesion  with  longer  times  and  higher 

temperatures  cf  annealing.  In  Figure  6{~)  the  fibers  can  be  seen  to 

pull  cut  cleanly  from  the  matrix  for  the  unannealed  composite, 

whereas  some  PC  can  be  seen  adhering  tc  the  fibers  in  the  composite 

annealed  45  min  at  275°C  (Figure  6(b)). 

Differential  scanning  calorimetry  curves  cf  PCB/CF  composites  in 

Figure  7  show  T  at  the  expected  PC  value  of  150  C  and  no  significant 
g 

crystallization  or  shift  even  after  annealing  3  br  at  245°C.  This 
Indicates  that  any  crystallization  is  small  and  confined  to  the 
interface  as  found  by  Kardcs  et.al^”^.  Crystallization  cannot  occur  at 
275°C  and  above  because  this  is  above  the  normal  PC  melting  point  of 
260-265  C  . 


Al3cr?ticn  and  Crystall  iiiaticn 


T^.e  exper t :n9nt 3l  -apa  lend  acrce  Insight  Into  the  raechanlsui  cf 

mechanical  prcperty  Increase  In  the  PC/CF  system.  Since  similar 

mechanical  prcperty  increases  can  be  obtained  by  annealing  at  higher 

temperat’jres  where  crystallization  cannot  occur,  interfacial 

crystallization  is  likely  not  the  primary  cause  cf  the  increases.  The 

faster  rates  cf  increase  at  higher  temperatures  and  the  leveling  off  cf 

the  curves  are  consistent  with  better  adsorption  as  the  mechanism  cf 

improvement.  Interfacial  -rystall  izaticn  below  cculd  then  occur  as  a 

consequence  of  how  a  polymer  chain  adsorbs  onto  the  fiber  surface.  When 

several  adjacent  segments  of  a  polymer  chain  interact  with  the  fiber,  a 

small  region  of  order  occurs  and  can  lead  to  nucleatior.  of 
73 

crystallization"  .  One  could  envision  a  process  in  which  there  are 
adsorption  or  interaction  sites  on  the  fiber  surface  wnich  continually 
are  filled.  Adsorption  and  desorption  may  occur  until  an  equilibrium  is 
approached  as  indicated  by  a  slowing  fiber/matrix  adhesion  increase  (as 
in  transverse  toughness)  which  approaches  a  maximum.  The  kinetics  of 
approach  is  naturally  higher  at  higher  temperatures  just  as  normal 
chemical  kinetics-  It  is  difficult  to  extrapolate  the  data  to  very  long 
times  or  get  long  time  data  because  of  degradation,  but  for  an 
exothermic  interaction  like  adsorption,  the  equilibrium  extent  of 
interaction  would  be  expected  to  be  lower  at  higher  temperatures.  The 
transverse  toughness  data  here  only  indicate  a  similar  maximum.  There 


is  further  discussion  of  equilibrium  in  the  Data  Fitting  section  below. 
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sys  cans . 

Data  Fitcing 

The  data  in  Figures  1  and  2  and  the  concept  of  adsorption  suggest 

24 

Che  use  of  a  Langmuir- type  equation  (isotherm)  to  fit  the  data  at  each 
temperature.  It  should  be  noted  that  the  Langmuir-type  equation  as  used 
here  is  purely  a  mathematical  description  of  the  data.  Transverse  toughness 
rather  chan  transverse  strength  was  used  because  it  was  the  more  sensitive 
measure  of  the  interfacial  adhesion,  as  discussed  earlier.  The  equation 
used  was 

AGc/AGceq  ’  kt/(l+kt)  ,  AGc=«Gc-GcO  (D 

where  G^,  *  transverse  toughness  of  composite 

Gj-o*  transverse  toughness  before  annealing 
AG(.~  change  in  toughness  with  annealing 
AGceq“  equilibrium  change  in  toughness  (c=“) 
c  3  annealing  time 


k 


kinetic  parameter. 


This  13  apparently  the  first  tlae  that  an  equation  of  this  form  has  been 


'used  to  describe  ccnpcsite  mechanical  data.  Equation  (1)  can  be 


rearranged  to 


t/^G  -  l/kAG  f 

G  ceq  ceq 


Plotting  t/AG  versus  t  then  gives  a  line  with  slcpe-1/AG  and 
G  ceq 

interc9pt»1 /kAG  .  Table  II  shows  the  parameters  found  for  each 
ceq 

temperature  upon  fitting  the  experimental  data.  Figure  2  shows  the  fit 
curves.  It  can  be  seen  that  equation  (1)  describes  the  data  well.  The 
limited  data  and  their  variance,  however,  limit  the  conclusions  that  can 


be  drawn. 


can  be  said  that  the  k  values,  which  indicate  the  speed  of 


approacr.  to  equil ibri am ,  increase  with  temper ata^'e  as  expected. 

Equilibrium  cr  maximum  values,  aG  ^  ,  are  nearly  the  same  but  slightly 

ceq 

hi  gher  at  lower  temperatures.  Again  this  is  as  expected  for  an 


exothermic  interaction  like  adsorption.  The  fact  that  the  AG  values 
are  nearlv  the  same  indicates  a  small  heat  of  interaction.  This  is 


anticipated  for  a  PC/CF  system,  which  has  limited  possibilities  for 
actual  chemical  reaction.  Indeed,  G?C  data  indicate  no  change  in 
even  after  annealing  45  min  at  275  C,  supporting  the  idea  of  no  chemical 
reaction. 

The  data  has  also  been  examined  with  regard  to  temperature 
dependence,  k  Indicates  kinetics  at  the  different  temperatures,  and  was 
found  to  fit  well  to  an  Arrhenius  equation,  k-A  exp(-E  /RT) ,  as  seen  in 
Table  III.  This  is  as  anticipated  for  a  rate  parameter. 


1 1 

Mclec'alar  Weight  Dependence 

Transverse  toughness  results,  which  are  independent  of  fiber  vclane 

1  Q 

fraction  ,  are  shown  in  Figure  3  for  the  three  different  molecular 

weight  PC's  in  PC  ^.cmpcsi tes .  It  is  evident  that  matrix  molecular 

weight  has  a  dramatic  effect  cn  adsorption  and  resulting  toughness,  with 

better  adsorption  at  higher  molecular  weights.  Fitting  the  upper  two 

curves  to  equation  (1)  gives  G  «11.0  kJ/m"  for  M  -3i^,200  and  G  »13.3 

ceq  w  ceq 

kJ/m"  for  M  =39.300,  while  G  kJ/m^  for  M  =26,500. 

w  ceq  w  ’ 

These  results  are  not  explainable  by  chain  mobility,  as  the 

temperature  dependence  might  have  been.  Here  the  effective  adsorption 

is  best  for  the  least  mobile  (highest  molecular  weight)  chains. 

Mobility  or  diffusion  is  thus  not  the  controlling  factor  here.  The 

results  can  also  not  be  explained  by  the  matrix  properties.  Pure  PC 

toughness,  as  measured  by  an  SEN  test,  was  found  to  be  essentially  the 

same  at  the  three  molecular  weights  studied. 

The  molecular  weight  dependence  of  adsorption  and  transverse 
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toughness  is  consistent  with  other  work.  Lipatov  ,  in  one  of  the  few 

experimental  works  cn  adsorption  from  the  melt,  found  that  high 

molecular  weight  fractions  of  PS  adsorb  preferentially  onto  the  surface 

of  glass.  This  was  explained  by  the  molecular  weight  dependence  of 

polymer  surface  tension  and  the  minimization  of  Interphase  energy. 

Scaling  arguments  for  a  single  chain  on  a  surface  show  that  the  fraction 

of  adsorbed  chain  segments  depends  cn  the  strength  of  interaction  but  is 

26 

independent  of  molecular  weight  .  This  means  that  the  actual  number  cf 
interactions  per  chain  scales  with  molecular  weight.  Furthermore, 


Interacclcns  with  a  longer  chain  can  be  :ucre  effective  than  with  a 

shorter  chain  because  there  is  more  possibility  of  entanglement 

formation  between  the  remainder  of  the  chain  and  the  bulk  matrix.  The 

molecular  weight  dependence  of  mechanical  properties  is  thus  amplified. 

This  helps  explain  the  data.  Although  all  the  molecular  weights  here 

are  well  above  the  critical  length  for  entanglement,  ’  ,  and  the 

’9 

molecular  weight  where  mechanical  properties  are  constant"  ,  adsorption 
reduces  the  effective  molecular  weight.  This  reduction  in  effective 
molecular  weight  especially  hinders  lower  s  in  forming  entanglements 
with  the  bulk  matrix.  Adsorptions  are  thus  much  less  effectively 
translated  into  good  interfacial  properties  at  lower  matrix  mclec’ular 
weignts,  as  the  data  here  indicates. 

CONCLUSIONS 

Examination  of  a  ?C/C?  composite  system  was  done  at  processing 
conditions  which  alter  only  time  and  temperature  of  annealing. 

Transverse  tensile  and  fracture  toughness  data  show  improved  interfacial 
adhesion  at  longer  times  and  higher  temperatures  of  annealing,  short  of 
PC  degradation.  Scanning  electron  microscopy  of  fracture  surfaces 
confirm  better  fiber/matrix  adhesion  at  these  conditions.  Since 
mechanical  property  improvements  occur  on  annealing  above  as  well  as 
below  the  melting  point,  interfacial  crystallization  is  not  the  primary 
mechanism  of  improvement.  Better  adsorption  is  the  likely  primary 
mechanism.  Interfacial  crystallization  can  occur  secondarily  below  the 
melting  point  as  a  consequence  of  how  a  polymer  chain  adsorbs  on  the 
fiber  surface.  This  idea  of  adsorption  also  explains  related  data  on 
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PC/C"  and  data  cn  PEEK/CF.  Data  fcr  transverse  toughness  has  been  found 
to  fit  well  to  a  Langnuir-forni  equation.  The  temperature  dependence  of 
the  toughness  data  Is  described  well  by  the  Arrhenius  equation.  The 
dependence  of  PC  molecular  weight  cn  adsorption  and  transverse  toughness 
was  found  to  be  large,  with  higher  molecular  weights  adsorbing  more 
effectively. 

The  data  has  practical  implications  for  processing  thermoplastic 


matrix  composites.  First,  the  time  and  temperature  processing  history 
of  the  composites  is  important  in  determining  interfacial  and  thus 
composite  properties.  The  processing  history  must  be  controlled  and 
understood.  Development  of  equilibrium  adsorption  can  require  long 
times  and  high  temperatures.  Second,  matrix  molecular  weight  is  also 
important  in  developing  composite  properties.  More  effective  adsorption 
occurs  with  higher  molecular  weights.  Efforts  to  improve  processability 
by  lowering  molecular  weight  must  therefore  be  carefully  considered  with 


respect  to  composite  properties. 
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Table  I  -  Experimental  Data  for  PCB/CF  Composites 
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Table  II  -  Fitting  Parameters  for  Time  Dependence  cf  PCB/CF  Transverse 
Toughness,  Equations  (1)  and  (2) 


Anneal  ing 

Temperature.^C 

AG _ ,kJ /m^ 

G. .  _.kJ/m^ 

k,min  ^ 

Correlation 

Coefficient 

2^5 

8.50 

1  2.51 

0.008H 

0.9H7 

275 

7.03 

1 1  .OH 

0.027 

0.996 

o 

o 

6.98 

10.99 

0.067 

» 

1 

*  Fit  for  only  2  points 
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rasle  in  -  Temperature  Dependence  cf  k:  Arrhenlua  Fit 


Parameter  Intercept  Slcoe 


15.81 


-1.12x10 


CorreLatlcn 


E^.kJ/mcle  Coefficient 


93.0 


0.999 
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Figure  1 


Figure  2 


Figure  3 


Figure  5 


Figure  6 


Figure  7 


Figure  8 


FIGURE  CAPTIONS 

-  Tranaverae  tenaile  atrength  veraua  annealing  time  at  245, 

0 

275,  and  300  C  for  PC3/CF  ccmpcaitea  previcualy  consolidated 
15  min  at  275°C. 

-  Tranaverae  tcughneaa  veraua  annealing  time  at  245,  275,  and 
300  C  for  PC3/CF  compcaitea  previcualy  consolidated  15  min  at 
275  C.  Dashed  lines  are  beat  fit  to  equation  (1). 

-  Transverse  strain  at  break  versus  annealing  time  at  245,  275, 
and  300  C  for  PC3/CF  ccmpcaitea  previously  consolidated  15 
min  at  275'^C. 

-  Transverse  energy  at  break  versus  annealing  time  at  245,  275, 
and  300  C  for  PC3/CF  composites  previously  consolidated  15 
rain  at  275  C. 

-  Example  stress/strain  curves  for  PC3/CF  composites  annealed 
for  0,  15,  30,  and  45  min  at  275  C  after  being  consolidated 
15  min  at  275°C. 

-  Scanning  electron  micrographs  of  transverse  tensile  fracture 
surfaces  for  PCB/CF  composites  (a)  unannealed,  and 

(b)  annealed  45  min  at  275°C. 

-  Differential  scanning  calorimetry  first  heats  at  40°C/min  for 
PCB/CF  composites  (a)  unannealed,  and  (b)  annealed  3  hr  at 
245°C. 

0 

-  Transverse  toughness  versus  annealing  time  at  275  C  for 
PCA/CF,  PCB/CF,  and  PCC/CF  composites  previously  consolidated 
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15  oln  at  275°C.  PC  molecular  weights,  M^,  are  labeled  for 
each  curve.  Dashed  lines  are  best  fit  to  equation  (1). 


(DdlAJ)  H19N3}dlS  3HSN31  3Sa3ASNVai 


(2^/r><)SS3NH9n01  3Sa3ASNVJdl 


II 


CD  ^  CJ 

(  %  )  >IV3da  IV  NIVHIS 


o 


I 


(Dd^^J)  SS3dlS 


OQNB 


03S/1VD1^ 


cvj  00  ^  O 


)  SS3NH9n01  3Sa3ASNVai 


ANNEALING  TIME  AT  275°C  (min) 


